resulting system is a minimum cost system. The resulting system design is not based upon consideration of the various design uncertainties.
Mays and Cullinane (1986) presented a review of methods that can be used to define the component reliabilities for the various components of a wat5r distribution system. These methods are based upon using time-to-failure and time-to-repair data for the various components of the water distribution system to define reliability and availability. Su et al. (1987) presented a procedure for modeling reliability in water distribution network design that more realistically considers reliability. That is, the reliability is defined in terns of the ability of the system to supply the demands at the nodes or demand points within the system at or above minimum pressure heads. The model uses component failure rates to compute component failure probabilities which are then used to define nodal and system reliabilities. A minimum cut-set method was used in the nodal and system reliability determination. The key issue in this approach was to relate failure probability of the pipes to meeting specified demands (flow rates) at or above minimum pressure heads at the demand nodes. The procedure was linked to a nonlinear programming optimization model to determine a minimum cost water distribution system considering nodal and system reliabilities as constraints.
Water distribution systems are designed to service consumers over a long period of time. Because the number and types of future consumers are impossible to define with any accuracy, the projected future required demands and required pressure heads for design are very uncertain. Another uncertain parameter in the design of a system is the system capacity. The capacity is affected by corrosion of pipes, deposition in pipes, even the physical layout and installation of the system which has a marked effect on the carrying capacity. The change in system capacity can be reflected in the roughness coefficient of the pipes (Hudson 1966) . Since the impact of the different mechanisms that decrease system capacity is not known, there is uncertainty in the projections of the coefficients of roughness. The variation of roughness is illustrated in the work by Hudson who compared the Hazen-Williams roughness coefficient for seven U.S. cities as a function of age of pipe.
To the investigators' knowledge, no models have been developed for the minimum cost design of water distribution networks that directly consider the uncertainties in demand requirements, pressure head requirements, and roughness coefficients. Previous models considered uncertainties in delivering flows and pressure heads during pipe failures. There have been many works reported in the literature that deal with uncertainties in water supply forecasting and modeling; however, very little work has been performed in developing a model that directly considers the uncertainties of required demand and other system parameters in the design of water distribution systems.
The objective of this paper is to present a methodology which incorporates the uncertainties in required demands, required pressure heads and roughness coefficients in the design of water distribution systems. This model is based upon the premise that water distribution sytems are designed using specified demands, pressure heads, and roughness coefficients that are basically uncertain parameters that vary considerably with time. The required demand, Q, and the required pressure head are dependent upon consumer need whereas the roughness coefficient depends upon other factors. It can be argued that the demands for various demand nodes are not independent and the C's for various pipes are not independent. Obviously, the C values are affected by age, corrosion, deposition, etc., and all pipes may be affected similarly. In theory, the presence of any correlation among variables can be included in the analysis in a straightforward manner. However, because of the lack of any available data to compute co-variances and for the sake of simplicity, the Q, 8, and C values, in the present study, are each assumed to be independent.
The methodology is presented through the formulation of an optimization model for the design of water distribution systems. This optimization model is based upon a nonlinear chance-constrained formulation and can be solved using generalized reduced gradient methods, such as GRG2 by Lasdon and Waren (1984) . Details of the mathematical model are given in addition to examples to illustrate the methodology.
MODEL DEVELOPMENT
The basic optimization model for water distribution system design can be stated in general form as: Jeppson (1976) . The constraint set for the deterministic model now consists of Eqs. 4, 5 , a d 6. Considering for design purposes that future demands, Q j , minimum pressure head requirements, gj, and pipe roughness coefficients, Cij, are uncertain, they are considered as independent random variables from the viewpoint of design. The chance constrained formulation of the model can be expressed as: The objective function Eq. 7 is expressed in terms of minimizing the costs.
Constraint Eq. 8 is expressed as the probability, P( ), of satisfying demands, i.e., that demands are equalled or exceeded with probability level aj. Similarly, constraint Eq. 9 expresses the probability of the minimum pressure head being satisfied, i.e. the pressure heads equal or exceed the minimum pressure head with probability level pi. In general, the values of the constraint performance reliabilities aj and pj can be specified and manipulated to consider the effect of uncertainty.
DETERMINISTIC FORM OF CHANCE CONSTRAINED. MODEL .
The above model Eqs. 7-10, can be transformed to a deterministic form using the concept of the cumulative probability distribution. This model is based upon the premise that the required demands, pressure head requirements, and roughness for design purposes are designed for uncertain future conditions of the system. Although the theory is general and the variables may follow any distribution, the demands, Qj, pressure heads, tJi, and roughness coefficients, Cij, are assumed to be normal random variables, with means, k, and standard deviations, u, expressed as: 
SOLUTION TECHNIQUE
The above deterministic model formulation of the chance constrained model is nonlinear because of the nonlinear objective function and nonlinear constraints (24). A generalized reduced gradient code, GRGZ, by Lasdon and Waren (1984) was used to solve the deterministic form of the chance constrained model (Eqs. 7, 24, 17, and 10). GRG2 requires a user-supplied subroutine GCOMP for the purpose of computing the constraint and objective function values. GCOMP can also be used to read in initial values of any user-required constants. GRG2 is a modular program written to provide dynamic memory allocation with all arrays set up as portions of one large main array so that redimensioning of arrays is never required. Each call to subroutine GCOMP is a function evaluation to compute each constraint and objective function and their gradients for a set of decision variables. Each time the constraint set and gradients are evaluated with a new set of decision variables (pipe sizes), the flow direction is checked.
Generalized reduced gradient methods such as GRG2 require an initial solution to start the optimization search. GRG2 does have the option of using an initial solution provided by the user or to start from an arbitrary solution, as determined by the lower bounds of the decision variables. If the initial solution is an infeasible solution, a phase I optimization is initiated, which minimizes an objective function consisting of the sum of infeasibilities until a feasible point is found. Once this is achieved, the actual objective function repiaces the sum of infeasibilities and the actual optimization phase is initiated. Using an initial point provided by the user allows the inclusion of engineering judgment in selecting a good initial solution which may or may not be feasible. In either case, experience has shown that a good user-provided initial point results in less computer time than initializing the algorithm with the variables at their lower bounds.
The algorithm for solving the chance constrained model starts with an initial solution with initial flow directions so that flows in the network are balanced. At each iteration of the search procedure within the generalized reduced gradient method, a check is made to determine if any Hi is less than 
EXAMPLE APPLICATIONS
To illustrate the use of the model, two examples are included. The first is a simple hypothetical network, shown in Fig. 1 , which has two loops and eight pipes, each 3,280 ft in length, and mean demand at each node as shown in the figure. All the nodes are assumed to be at the same elevation and the pressure head at the source, node 1, is 196.8 ft. The mean nodal pressure head requirement at each node is 100 ft, and the mean Hazen-Williams roughness coefficient is 100 for each link. The formulation, however, does Several computer runs were made using various values of the standard deviation of the demand, pressure head, and roughness coefficient, in order to illustrate the impact of different levels of uncertainty on the design cost. The standard deviations selected for the nodal demands were 0.0, 0.10, and 0.25 mgd. Selected standard deviations for the pressure heads were 0, 5 , and 10 ft and for the Hazen-Williams roughness were 0, 5 , and 10. A standard deviation equal to zero refers to the case of no uncertainty, and the larger the standard deviation, the greater the uncertainty. fonnance requirements so that the likelihood of not meeting future demands and pressure head requirements is reduced. 9.7 in.
13.7 in. -cost ($) design. The same is true for different standard deviations of nodal demand and known Hazen-Williams roughness coefficient (cry = 0 and uC = 0). Fig.   3 shows the change in cost with increasing p for two standard deviations of nodal pressure and no uncertainty in the nodal demands or roughness coefficients (ac = 0, uQ = 0). The same trend is apparent in this figure as seen in Fig. 2 . viation to show the changes in the system for different reliability requkements. The optimal continuous diameters could be converted to discrete diameters by considering them as equivalent pipe diameters and determining the lengths of two pipes which make up the link and have the same hydraulic characteristics.. All of the optimal solutions were branched networks as expected for the optimal design of systems under a single demand pattern. The nonlinear programming problem for this example consisted of 16 decision variables, 6 nonlinear constraints, and 14 simple bounds. The computation time required to determine a design was usually about 2 seconds of CPU time on the University of Texas Dual Cyber 170/750.
The second application considered a more realistic size network consisting of 33 pipes and 16 nodes (Fig. 4) with the pipe lengths listed in Table 3 . This system was also assumed to be on a level plane although this restriction is not necessary since the pressure head requirement may be different for each node. The demand is assumed to be uniform throughout the system with a 1 mgd mean demand at each node. The pipe roughness has a mean of 130 for all pipes and the mean minimum pressure head requirement is 92.3 ft at every node. The pressure head at the source node was fixed at 135.0 ft. The model was executed for values of a and f3 equal to 0.5, 0.75, and 0.90, with the pipe diameters and total costs listed in Table 4 . As in the previous example, the cost of the system increases with the reliability requirement. The networks for a, f3 = 0.5, 0.75 and 0.90 are presented in Figs. 5, 6, and 7, respectively. It is interesting to point out that the variation of constraint performance reliability not only affects the total system cost but also results in different network configurations.
The nonlinear programming problem for this example consisted of 49 decision variables, 16 nonlinear constraints, and 49 simple bounds. The computation time required for a typical problem was 100 CPU seconds on the University of Texas Dual Cyber system. In solving the model, the gradients in GRG2 were computed by the numerical finite difference scheme although, based on experience with other problems, analyticalIy calculating the gradients of the constraints would be eipected to reduce computation time by
. roughly 20925%.
CONCLUSIONS
Two observations that might have important implications in design can be made from the above analysis. First, the cost versus reliability relationship is convex. Thus, to increase the a or b an incremental amount at a higher reliability level will result in a greater increase in the system cost than for an incremental change at a lower level. The trade-off decision between the level of confidence desired in the design and cost becomes more complex in terms of deciding what is cost effective.
The second observation from the first example is that in this case it is more costly to achieve higher levels of confidence in the nodal demands than for the nodal pressures. This, unfortunately, is the opposite of what is known in practice when designing a system. A requirement for the desired nodal pressure can be set with a fair level of confidence. However, to accurately estimate what the demand will be at a particular node in the system or what the roughness in a link will be in the future is quite difficult.
The purpose of this paper has been to present a methodology for the minimum cost design of water distribution systems but to incorporate the various uncertainties explicitly into the design. In order to solve the nonlinear optimization problem, a generalized reduced gradient procedure was used. A global optimum cannot be guaranteed because of'the nonlinearity and concavity of the problem. The GRG2 code was used to solve the problem; however, other available nonlinear programming codes could be used. The methodology also results in solutions with nondiscrete pipe diameters. Integer nonlinear programming solution techniques are not advanced to the point that they can be used. The investigators feel that rounding to commercial pipe sizes or converting the continuous, which would be considered as an equivalent, to two commercial pipe sizes for the link should not distract from use of the methodology.
The inherent uncertainties associated with the nodal demands, pipe roughness coefficients, and pressure head requirements have been considered in a methodology for the design of a water distribution system. By applying chance constrained programming techniques, a nonlinear optimization model has been formulated and solved for two example systems. The incorporation of the uncertainties into the design procedure results in a more reliable design than would be determined using an average condition. Since the pipe sizes are selected by an optimization procedure, the Ieast cost design is determined for a specified reliability requirement. By +varying this requirement, decision makers can determine the trade-off between reliability and cost which would lead to more informed and better decisions. 
